Abstract
therapeutic options. Stem cells can potentially restore the structure and function of injured tissues and organs [1] . In particular, mesenchymal stem cells (MSCs), a population of adult-derived adherent cultured cells, have shown great promise in numerous clinical trials [1] [2] [3] [4] [5] [6] .
For the clinical application, stem cells should be produced in Good Manufacturing Practice (GMP) according to standard procedures approved by government to ensure the quality and safety of the final cell products [7, 8] . And the produced cells need to be preserved for a period of time until transported to the hospital and then injected into the patient, which may take hours to days [9, 10] . During this transporting period, preservation of cell viability and stem cell characteristics is extremely important because the clinical effect can vary depending on the cell quality. Cells are sensitive to the surrounding environment, and thus require a strictly controlled transport condition to maintain their quality [9] .
In Korea, hospitals that capable of carry out cell therapy are usually located in major cities, while most GMP facilities are placed outside of the city. Therefore, cells could be injected into patients approximately 10 h after GMP manufacturing. During this long-term transportation, the cells may lose their viability and stem cell characteristics over time. To overcome suspended cells' problems, a freezing method could be considered, however, this method has several inconveniences and limitations. During freezing and thawing, cell viability and stem cell characteristics may change [11, 12] , and especially cryoprotectant should be removed using reagents and machines. Any remaining cryoprotectant may cause adverse reactions, ranging from mild to severe life-threatening events [13] [14] [15] . Thus for clinical application, stem cells are better transported in a suspended state. Therefore, it is necessary to optimize the transport conditions that can maintain cell viability and stem cell characteristics.
The transporting condition may include suspended medium, temperature, time, cell density, container type, and so on [9, 15] . However, little studies have been reported for the combined transporting conditions of stem cells for clinical applications.
In this study, in order to establish optimal transport conditions, we treated amniotic fluid derived stem cell (AFSCs) in various transporting conditions and then compared their viability and stem cell characteristics.
Materials and methods

Human amniotic fluid stem cells (AFSCs) preparation
This study was approved by the Ethics Committee of Kyungpook National University Hospital (IRB No. KNUH 2012-10-018). Amniotic fluids (10 mL) were obtained from 3 women undergoing routine amniocentesis (16-20 weeks gestational age) at Kyungpook National University Hospital. AFSCs were cultured in Chang Medium containing 15% fetal bovine serum (Gibco, Gland Island, NY, USA), 1% L-glutamine, and 1% penicillin/ streptomycin with 18% Chang B and 2% Chang C (Irvine Scientific, Irvine, CA, USA) at 37°C with 5% CO 2 . Three days later, debris and non-adherent cells were discarded and exchanged with fresh Chang medium. Attached AFSCs were expanded and passaged at 80% confluence. Cells at passage 5 were used for subsequent experiment.
Selection of optimal medium
To select suitable transport medium, Dulbecco's Modified
, DMEM/F-12, Roswell Park Memorial Institute (RPMI) 1640 and keratinocyte serum-free medium (K-SFM), (Thermo Scientific, Waltham, MA, USA) were tested. Phosphate-buffered saline (PBS) and saline (Thermo Scientific) was used as controls (each group n = 5). Media do not contain fetal bovine serum and antibiotics (penicillin/streptomycin). Other conditions except for the medium were fixed, as 1 9 10 7 cells/2 mL and stored at 4°C for 12 h in syringe. Cell viability was measured by the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay (Promega, Fitchburg, WI, USA) according to the manufacturer's instructions. Each medium without cells was used as an internal control, and experiments were repeated three times independently.
Selection of optimal temperature and time
To analyze the effect of transport temperature and time, cells were stored at 4°C (in a refrigerator), 22°C (at room temperature), and 37°C (in an incubator) for 6, 12, 18, 24, 36, and 48 h (each group n = 5). Other conditions except for the temperature and time were fixed, as 1 9 10 7 cells/ 2 mL DMEM(H) for 12 h in syringe. For accurate thermography, a digital thermometer (Taylor Precision Products, Oak Brook, IL, USA) was placed beside the plastic syringe containing the cells and the temperature was checked every 6 h during the first day and every 24 h thereafter. At each time point, cell viability was measured by the trypan blue dye exclusion assay and counted with hematocytometer. Each well was tested in duplicate and the experiment was repeated three times independently.
Because cells were formed aggregation depending on the temperature, extracellular matrix (ECM)-related marker expression was analyzed by hematoxylin and eosin (H&E) and immunocytochemistry (ICC). For histological analysis, 4% paraformaldehyde fixed samples were cut into 4 lm thick from paraffin block, attached to a coated slide and treated routine H&E staining. For ICC analysis, samples were processed in 0.2% Triton-X 100 for 10 min and incubated with 200 lL of 5% normal bovine serum in PBS for 2 h. The primary antibody was treated overnight at 4°C, and the secondary antibody was incubated for 1 h at room temperature. The antibody information was listed in Table 1 .
The H&E and ICC results were confirmed by real-time PCR. Total RNA was isolated from each group using Trizol reagent (Thermo Fisher Scientific), and complementary DNA was synthesized from 1 lg RNA using reverse transcription kits (Applied Biosystems, Foster City, CA, USA). Suitable primers were designed using Primer Express Software (Applied Biosystems). Real-time PCR was performed using the ABI Prism Sequence Detection System 7500 for all genes: 10 min of pre-incubation at 95°C, followed by 45 cycles for 10 s at 95°C, 50 s at 58°C and 20 s at 72°C. Individual PCRs were carried out in 10 lL volumes in a 96-well reaction plate (Applied Biosystems) containing 2 lL diethylpyrocarbonate-treated water, 1 lL forward and reverse primers (10 pM), and 5 lL SYBR Green Polymerase Chain Reaction Master Mix (all from Applied Biosystems). Beta-actin was used as a control gene and each experiment was repeated in duplicate. To analyze the data, the 2 -DCt or 2 -DDCt method of relative quantification was adapted to estimate copy numbers. Primer information is listed in Table 2 .
Selection of optimal cell density
To establish optimal cell density, cells were suspended with 0.1, 0.5, 1 and 2 mL of medium (each group n = 5). Other conditions except for the medium volume were fixed, as 1 9 10 7 cells/DMEM(H) for 12 h in syringe. Cell viability was determined by the trypan blue dye exclusion assay and counted with hematocytometer. Counting in each well was done in duplicate and the experiment was repeated three times. Percent viability was calculated using the following formula: % viability = (live cell count/total cell count) 9 100.
Selection of optimal container type
To select transport container, commonly using plastic syringe and glass bottle were tested. Other conditions except for the container type were fixed, as 1 9 10 7 cells/ 2 mL of DMEM(H) for 12 h. Cell viability was determined by the trypan blue dye exclusion assay and counted with hematocytometer. Each well was tested in duplicate and the experiment was repeated three times.
Comparison of stem cell characteristics
and multi-differentiation potential between transported cell and freshly prepared cell
Established transport conditions were 1 9 10 7 cells suspended in 2 mL of DMEM(H) and treated at 4°C for 12 h. The stem cell characteristics of transported cells were compared with freshly prepared cells (each group n = 5). For real-time PCR, two groups were tested for maintenance of stem cell properties, including inhibition of randomized differentiation. Stem cell markers (Oct4, SSEA4, CD44), and muscle (Pax7), neural (MAP2) and epithelial (UP1a) differentiation markers were analyzed. Primer sequences were listed at Table 2 . To assesses whether the transported cells remain multi-potency, cells were treated with each differential medium. For neurogenic differentiation, cells were seeded at a density of 3000 cells/cm 2 in DMEM lowglucose medium, antibiotics, supplemented with 2% DMSO, 200 lM butylated hydroxyanisole (BHA, SigmaAldrich, Seoul, South Korea), and nerve growth factor (NGF, 25 ng/mL). Two days after, cells were treated with Chang medium with NGF, and NGF was added every 2 days. For myogenic differentiation, cells were seeded at a density of 3000 cells/cm 2 with Matrigel (Collaborative Biomedical Products; incubation for 1 h at 37°C at 1 mg/ mL in DMEM) coated dish, and cultured in DMEM lowglucose formulation containing 10% horse serum (Gibco), 0.5% chick embryo extract (Gibco), and antibiotics. One day after, 3 lM 5-aza-2 0 -deoxycytidine (5-azaC; SigmaAldrich) and TGF-b were added, and the cells were cultured up to 2 weeks. For epithelial differentiation, a commercial medium (Cat no. 4101, ScienCell, Carlsbad, CA) was treated for 2 weeks. ICC analysis was carried with nestin, a-smooth actin and pan cytokeratin antibodies (Table 1) .
Statistical analysis
The data were expressed as the mean ± standard deviation (SD). Statistically significant differences were determined by t test and one-way analysis of variance with Tukey's post hoc test. Differences were considered significant when the p value \ 0.05.
Results
Selection of transport medium
Among the media, cell viability was the highest in DMEM(H), followed by DMEM/F-12, K-SFM, (Fig. 1A) . All of the media showed significant cell viability compared to PBS and saline (p \ 0.01).
Although the statistical significance among media was seen in DMEM (L) and a-MEM, cell viability was highest in DMEM (L). Based on this result, DMEM(H) was selected as the cell transport medium.
Selection of transport temperature and time
The viable cell number at 4°C at each time point (6, 12, 18, 24, 6 , respectively (Fig. 1B) . The temperature and time at which cell viability exceeds 80% were at 4°C within 12 h. Therefore, the selected temperature and time were 4°C and within 12 h.
Next, cell mass, aggregated at 22 and 37°C, were analyzed with H&E, ICC and real-time PCR to evaluate the type of ECM. Various ECM markers including collagen I (Col1), Col4, laminin, fibrinogen, and fibronectin were used. The ICC results were indicated that cell aggregation was due to the production of various ECM, and fibrinogen was dominant (Fig. 1C) . The expressions of ECM-related genes were significantly increased at 22 and 37°C compared to 4°C (Fig. 1D) . This ECM analysis suggested that cells for vascular injection should be kept at 4°C to maintain single cell state.
Confirmation of transport cell density
Cells (1 9 10 7 ) were treated in various volumes of DMEM(H) from 0.1, 0.5, 1.0 and 2.0 mL at 4°C for 12 h. Viability of each volume was 57.97 ± 16.79, 75.33 ± 16.59, 95.33 ± 20.87 and 106.8 ± 22.94%, respectively (Fig. 1E) . As medium volume increased, cell viability was proportionally increased. Therefore, it is advisable to suspend cells at a maximum medium volume that one time injection capacity, and cell pellet state should be avoid because cells die by 50%.
Selection of transport container
After 1 9 10 7 cells cultured in 2 mL of DMEM(H) for 12 h, the viable cell number in the glass bottle was 8.70 9 10 6 and the plastic syringe was 8.48 9 10 6 ( Fig. 1F) . Even though, glass bottle showed slight high cell viability, there was no statistical difference between the two containers. Thus the syringe was selected as the cell container for clinical convenience. and 37°C compared to 4°C. E Cell viability according to medium volume. As medium volume increased, cell viability was proportionally increased. F Living cell number depending on transport container. Even though, glass bottle showed slight high cell viability, there was no statistical difference between the two containers. Ctrl, 1 9 10 7 cells suspended in 2 mL of DMEM(H) at 4°C and used immediately, Transported; cell was prepared with same condition and then incubated at 4°C for 12 h. OD, optical density; *p \ 0.05 and **p \ 0.01 Tissue Eng Regen Med (2018) 15(5):639-647 643
Stem cell characteristics and differentiation potential of transported cells
In stem cell and renal progenitor characteristic analysis, Oct4, CD44, and Pax2 expression was well-maintained under the established transport conditions, and spontaneous differentiation into neuron (MAP2), muscle (Pax7), and endothelium (UP1a) cells was effectively inhibited ( Fig. 2A) during transport. The transported cells were well differentiated into nerve, muscle and endothelial lineages when treated with each differentiation medium (Fig. 2B ).
Discussion
Stem cells show great potential in regenerative medicine and stem cell-based cellular therapeutic strategies have been developed to treat incurable or degenerative diseases [3, 16] . To ensure the safety and potency of cell therapy, cells intended for implantation should be processed under standardized conditions, including for culture, storage, and transportation, because these conditions can significantly affect the clinical results [9] . During these processes, cells need to remain viability and stem cell characteristics [17] . However, most of studies focused on cell culture and storage process, only few studies have interested for transport conditions. This study was carried out to establish optimal transporting conditions to maintain viability and stem cell characteristics. We optimized the cell transporting medium, temperature, time, density, and container, and then compared maintenance of stem cell characteristics and inhibition of spontaneous differentiation of the transported cells against the freshly prepared cells.
To select the optimal medium, DMEM(H), DMEM/F-12, K-SFM, RPMI 1640, a-MEM, DMEM(L), PBS, and saline were tested. Among them, DMEM(H) showed the highest cell viability. DMEM(H) contains limited nutrients that cells need to survive (not for proliferation), such as inorganic salts, amino acids, and vitamins. Because of these minimum compositions, DMEM(H) is believed to decrease cell metabolism, and this response is believed to be beneficial to survival at low temperatures [18] . Since PBS and saline are composed of only inorganic salts that could not supply the least nutrition, so, most of cells in those media died during the 12 h transport period. The selected DMEM(H) was excluded pH indicators (phenol red or HEPES) and samples of animal origin (xeno). Many of these additives, particularly serum of animal origin, are not acceptable for patients [19] because a lack of tumorigenicity, deformity, and developmental disability effects following long-term exposure in vivo have not been confirmed.
To verify the optimum transport temperature, cell viability was compared at 4°C, 22°C, and 37°C for 48 h. The number of live cells was higher at 4°C than at 22°C and 37°C. For clinical treatment, cell viability is required more than 80% when injected to patients [20] . When the cells were stored at 4°C within 12 h, cell viability was more than 80%, in contrast, other temperatures such as 22°C and 37°C did not satisfy this range. At low temperatures, cells become quiescence which could play a role in increasing cell survival in limited nutrient and oxygen conditions [21] , and thus stimulated cells in an inappropriate environment may die. Previous studies demonstrated that cells should be stored under refrigeration [19] , and short-term storage of peripheral blood stem cells, peripheral blood mononuclear cells, and bone marrow products should be refrigerated to maintain cell viability [22] . Based on reported studies and the results of this experiment, the transport temperature was selected at 4°C.
After selecting the temperature, the effect of temperature and medium combination on cell survival was considered. The therapeutic cells are typically transported as a suspension at low temperature for several hours. When cells are stored at low temperature, such as 4°C, they adapt to the low temperature by decreasing metabolism, similar to animal hibernation This adaption causes reduced membrane fluidity [23] , decreased affinity of enzymes for their substrates [24] , and increased aqueous viscosity [25] . Additionally, most therapeutic cells show attachment properties, and long-term suspension transport conditions can cause anoikis [26] . In this state, if cells are supplied with a rich nutrient, cell attachment, proliferation, or differentiation can be induced. These cellular responses at low temperatures can cause cell death, and thus minimal nutrient medium is more suitable for maintaining cell viability.
In the transport temperature experiments, cell aggregation was detected at 22 and 37°C. Cell aggregation carries a clinical risk because vascular injection of stem cells is a commonly executed route in several preclinical settings [27, 28] . When cells are injected intravenously to reach a target site, single cells should be administered. If aggregated cells are injected, cells can attach to vascular endothelial cells and platelets, which may reduce blood flow, interfere with blood circulation, and cause embolism in the micro-capillary [29] . The cell aggregation may cause by ECM components, and those were actively secreted at a room temperature. The ECM components were Col1, Col4, laminin, fibrinogen and fibronectin, and among them, fibrinogen was dominant. The ECM formation during transport can stimulate cells to differentiate, because ECM is a differentiation-stimulating factor [30] . Therefore, during cell transport, low-temperature storage is necessary to prevent cell mass formation.
Cell density is another important factor affecting stem cell viability during transport [22] and should remain low density because of limited nutrient and oxygen availability [31] . In this study, 1 9 10 7 cells were added to 0.1, 0.5, 1.0 or 2.0 mL of medium for 12 h. The results showed that cell viability was proportional to the amount of culture medium, and 1 9 10 7 cells should be suspended in more than 1.0 mL of medium to maintain more than 80% cell survival. These results suggest that low cell density is an important factor to maintain cell viability when cell transport.
Transport container types also can affect cell viability and characteristics, and the cell response to a given container may different. Cell responses to container type were examined in plastic syringes and glass bottles. Glass has a naturally polarized surface, providing a suitable surface for cell survival [32] . However, bottles are inconvenient because cells had better be placed in syringes for direct injection into patients. The plastic syringe was composed mainly of polypropylene and has a slight hydrophobic character [33] , but its contents can be injected into patients in one step. Our data showed similar cell viability for both containers during storage at 4°C for 12 h. Thus, the plastic syringe was selected as a suitable transport container because of its convenience in the clinical field.
The maintenance of stem cell characteristics including inhibition of unexpected differentiation were compared to the transported cells and freshly prepared cells. The expression of the stem cell and renal progenitor markers (Oct4, CD44, and Pax2) was maintained under the established conditions, and spontaneous differentiation into neuron (MAP2), muscle (Pax7), or endothelium (UP1a) cells was significantly inhibited. In addition, the transported cells remain their multi-potency, which was confirmed to be differentiated when treated with each differentiation medium in vitro. The ICC analysis showed that the cells differentiated for 2 weeks had a significant positive reaction to Nestin, a-SMA, pan Cytokeratin antibody. Thus, the established conditions can maintain stem cell characteristics and multi-differential potency.
In this study, we established the optimal cell transport conditions through analysis of viability and stem cell characteristics. The optimized transport conditions were as follows; the medium was DMEM high-glucose, the temperature was 4°C, and the limited time was within 12 h. A lower cell density resulted in a better cell survival rate, and a syringe was selected as a suitable container. The transported cells with the established conditions showed similar stem cell characteristics as freshly prepared cells in the in vivo analysis.
